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As one of the most important catalytic cofactors in proteins,
copper is an essential element for life. Excess copper, however,
can mis-metalate other metal binding sites; free copper catalyzes
Fenton-type reactions which produce reactive oxygen species; and
misregulation of copper uptake is known to cause Menkes and
Wilson’s disease.> Therefore, copper is controlled tightly by
homeostatic networks in cells, which involve uptake, efflux,
chaperone, and regulatory proteins.*> Among the first-row transition
metals, copper has an intrinsic high affinity for most ligands.? To
prevent copper binding to other metal binding sites, the kinetically
labile cellular copper is buffered to low effective concentrations
due to the presence of a large number of cellular ligands, and only
the high-affinity sites are able to compete for cellular copper.
Therefore, in the study of copper dynamics inside the cellular
setting, it is more meaningful to think of copper availability and
the effective concentration of copper as buffered rather than a total
concentration of copper or free copper ions.

In the cytoplasmic environment, cells sense copper availability,
not the total concentration of copper, and respond accordingly. For
example, the copper concentration in Escherichia coli has been
estimated to be buffered to the order of zeptomolar based on the
copper-dependent transcriptional regulator CueR which controls the
expression of copper detoxification systems.® Likewise the copper-
regulator from Mycobacterium tuberculosis, CsoR, shows similarly
high affinity to copper(l).* In yeast it has been concluded that all
copper ions are tightly bound inside cytoplasm on the basis of the
observation that the activation of superoxide dismutase (SOD1)
requires the presence of the chaperone CCS.® Further evidence for
this hypothesis comes from tight affinities measured for copper(l)
binding to copper trafficking proteins, Ccs2n, Atx1, and Ctric.®

A major challenge for copper visualization inside live cells is,
as mentioned above, that cellular copper is associated with high-
affinity copper binders. This makes it difficult to dynamically
sample copper availability in its biological window for most copper
sensors as they may not possess high enough binding constants to
compete for copper within the cytoplasmic environment. A number
of fluorescent small-molecule sensors for copper have been devel-
oped,” and a few have been used to visualize copper inside the
cell.® However, examples thus far require incubation with high
concentrations of copper which may perturb the cellular copper
level beyond the biologically relevant window. Also, small-molecule
sensors may have issues such as water solubility, toxicity, cell
permeability, and targeting of cellular compartments. Advanced
X-ray-based techniques show promising results and have been used
to observe the total copper pool® but cannot differentiate between
labile and static copper.

On the other hand, genetically encoded sensors overcome most
of these limitations as they are made inside the cell. Such protein-
based sensors have been very useful in the elucidation of the cellular
role of calcium,*® and more recently, new sensors to monitor zinc
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availability in cells have been reported;**~** however, a genetically
encoded copper(l) sensor has been lacking. A clever design that
takes advantage of the copper(l)-mediated interactions between the
copper chaperone protein, Atox1, and the Wilson’s disease protein’s
fourth domain (WD4) was reported.**** Unfortunately, this sensor
responds to zinc(I1) as well as copper(l), and an improved version
acts as an effective zinc(11) probe in mammalian cells.*® Therefore,
a system that is highly selective and sensitive to copper(l) and gives
dynamic response to fluctuations in copper(l) availability in its
biological window inside live cells is highly desirable.
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Figure 1. Design of a fluorescence reporter, Amt1-FRET for copper(l)
imaging inside live cells. (a) Amtl binds to its promoter in the presence of
copper(l) to activate copper detoxification genes inside yeast cells. [Cu]max
indicates the upper limit of copper level sensed by Amtl in the cell. (b)
The copper binding domain of Amtl is inserted between the FRET partners
CFP and YFP. At elevated copper concentration Amtl binds copper(l) as
a Cu, cluster. The resulting conformational change of Amtl could induce
a FRET signal change of Amt1-FRET which can be used to image copper(l)
inside cells. (c) Fluorescence response of Amt1-FRET to copper(l). Apo
Amtl-FRET shown in black, and Amt1-FRET with 4 equiv of copper(l)
shown in purple.

Copper(l)-dependent transcriptional regulators are good starting
points to design protein-based copper(l) sensors since these proteins
have evolved to monitor copper availability in the cellular environ-
ment and therefore should have the right built-in affinity and
selectivity. In the yeast Candida glabrata, the copper-dependent
regulator Amtl senses an excess of copper and activates copper
detoxification/efflux genes.*>*® Thus, the copper level as sensed
by Amtl sets the upper limit of cellular copper availability inside
yeast cells (Figure 1a). Amtl and its homologue, Acel in Saccha-
romyces cerevisiae, are metallothionein-like proteins which consist
of three distinct domains: a zinc finger domain, a copper-binding
domain, and a transactivation domain (Figure S1, Supporting
Information).>”*® The copper-binding domain (residues 36—110)
contains eight cysteines involved in the formation of a tetracopper(l)
cluster.™® When the copper levels are elevated, Amt1 binds 4 equiv
of copper(l), which increases its affinity for a specific promoter
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DNA and activates expression of copper detoxification genes.**2°
This reversible assembling of the copper(l) cluster induces a
conformational change in Amtl to tune its affinity to DNA.

In this study an Amt1-based copper(l) fluorescent reporter, Amt1-
FRET, was constructed by subcloning the copper-binding domain
of Amtl (residues 36—110) between a cyan fluorescent protein
(CFP) and a yellow fluorescent protein (YFP), taking advantage of
the copper(l)-binding-induced conformational change of Amtl
(Figure 1b). This strategy, pioneered by Tsien and co-workers,
produces a genetically encoded fluorescent reporter by inserting a
sensing domain, which undergoes a conformational change upon
target binding, between two fluorescent proteins that are fluores-
cence resonance energy transfer (FRET) pairs.0**2*

Amtl-FRET was expressed in E. coli in the presence of 1.4 mM
CuSO, and purified to yield the copper(l)-bound Amtl-FRET
(Amtl-FRET-Cu) (Figure S2, Supporting Information). The fluo-
rescence spectra of both copper(l)-bound and apo-Amt1-FRET were
taken by exciting the FRET donor CFP (433 nm) and recording
the fluorescence intensities of the YFP (527 nm) and CFP (477
nm) emissions. An increase in FRET between YFP and CFP in
Amtl-FRET in the presence of Cu™ was observed through the
increase of the peak ratios (Isp7/1477) from 1.95 to 2.26 as soon as
metal was added (Figure 1c), supporting the proposed copper(l)-
binding-induced conformational change of Amt1 (Figure 1b). ICP-
MS measurement of the purified protein sample confirmed the
binding of 4 equiv of copper to Amt1-FRET (Table S1, Supporting
Information). Also, reversible Cu® loading and removal were
monitored by recording the copper(l)-thiolate charge transfer band
in the UV —vis spectrum, and the measured extinction coefficient
(at 280 nm) was in agreement with the literature value for the
copper(l)-bound Amt1 (Figure S4, Supporting Information).*®

Fluorescence measurements were performed to detect the binding
of different metal ions to Amtl-FRET, and the result showed 4
equiv of Cu™ binding (Figure 2a). Other than copper, Ag* also
bound with the same stoichiometry as well as 2 equiv of Zn?* and
some Fe?* binding to Amt1-FRET, whereas other metals that could
be present inside cells, such as Ca?*, Mg?*, Cr¥*, Mn?*, Co?*, and
Ni2*, did not promote a response (Figure 2a). Furthermore, some
responses from the biotoxic metal ions Cd?*, Hg?" and Pb?* were
also recorded (Figure S5, Supporting Information). Zn?*, at
saturation, led to only a 50% change of the maximum FRET signal
change induced by Cu™ binding to Amt1-FRET, while less than
30% FRET change was observed for the maximum binding of Fe?,
Cd?*, Hg?*, or Pb?* to Amtl-FRET. To further investigate if
different metal ions interfere with the Cu™ binding, the copper(1)-
binding-induced FRET changes were measured in the presence of
an equal amount of other metal ions. First, the signal for other metal
ions after the addition of 5 equiv of metal to Amtl-FRET was
measured, followed by the addition of an equal amount of Cu*t
(Figure 2b). In all cases, 100% of the signal was recovered, showing
that Cu™ binding is tighter compared to that of other metal ions
tested and that the presence of other metal ions does not interfere
with copper(l) binding to Amt1-FRET. Also, common anions were
shown not to interfere with copper(l) binding (Figure S6, Supporting
Information).

To establish the absolute binding selectivity and affinity of Amt1-
FRET to copper(l), the FRET signal of Amt1-FRET was recorded
in a series of solutions where the free Cu™ concentration was
buffered at various levels from 8.6 x 1076 t0 8.3 x 1072 M using
cyanide. For comparison, the signals of the fully copper(l)-bound
form and the copper(l)-free form were also plotted at the two
extremes. The binding curve, shown in Figure 2c, was obtained,
and the K4 for Cu™ binding was determined to be 2.5 x 1078 M
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on the basis of the fitting of the curve. The same experiments were
also conducted for Zn?* binding with a series of solutions containing
between 5.0 x 107° M to 1.3 x 1071 M buffered Zn?*. From the
binding curve, the Ky for Zn?" binding to Amtl-FRET was
determined to be 1.4 x 107% M (Figure 2d). Further attempts to
displace Cu* from Amt1-FRET by adding increasing amounts of
Zn** showed no displacement even at 28 equiv Zn?* (Figure S7,
Supporting Information). These results demonstrate that Amtl as
well as Amt1-FRET have high selectivity toward Cu™ and can bind
copper(l) in solution where Cu™ is buffered to attomolar concentra-
tions, but bind only micromolar concentrations of Zn?*.
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Figure 2. (a) Amt1-FRET titration with different metal ions in the presence
of 4 mM DTT. Amtl-FRET (1 uM) was titrated with respective metal ion.
(b) Selectivity of Amt1-FRET to Cu(l). Amt1-FRET (1 uM) with 5 uM of
the respective metal ions is shown in black and the addition of 5 uM Cu(l)
to the sample is shown in white. Binding curve of Amtl-FRET to (c)
copper(l) and (d) zinc(ll). The red points represent the maximum (Amt1-
FRET-Cu or Amtl-FRET-Zn) and minimum (Apo-Amtl-FRET) FRET
signals, respectively. The fitting curve is shown in blue. All measurements
were done in triplicates.

To test Amt1-FRET’s ability to monitor available copper inside
mammalian cells CHO-K1 cells were transfected with a plasmid
containing Amt1-FRET. First, the ratio of the YFP and CFP images
(Reer) was determined by recording the two images with excitation
at the CFP absorption wavelength for an unperturbed cell (Figure
3a). Then, 100 nM CuSQO,4 was added to the growth medium, and
an image was taken after 1 min when a maximum increase of the
ratio had already been observed (Figure 3b). This ratio represents
the maximum ratio (Rya) since prolonged incubations or higher
copper concentrations did not result in a further increase, suggesting
that Amt1-FRET was already saturated with copper(l). Then, to
find the minimum ratio (Ryn), 2 mM of the copper(l) ligand,
neocuproine,®? was added to the cells, and the ratios of the images
were taken over a 20 min period (Figure 3c—h). A decrease in the
fluorescence ratio below R was observed upon the incubation
with neocuproine. These imaging results of Ry > Reen > Ruin
suggest that the unperturbed cell has a buffered copper concentration
lying in the operating window of copper(l) binding to Amt1-FRET
(Figure S9, Supporting Information). Further Amtl-FRET can
monitor dynamic fluctuations of copper availability inside live cells
since response was observed within a minute of perturbation with
nanomolar levels of copper or excess chelators, avoiding prolonged
incubation with micromolar concentrations of copper. This observa-
tion complements the very fast copper uptake®® and efflux®*
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dynamics previously shown by using radioactive copper for labeling
and measuring of the total copper loadings in cells.

+100 nM CuS0O4 +2 mM neocup.
1 min. 1 min. 2 min. 5 min.
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Figure 3. Imaging of available copper(l) in CHO-K1 cells by Amt1-FRET.
The cells were excited at CFP, and the ratio of the YFP over CFP was
taken after background corrections. (a) An unperturbed cell. (b) After one
minute incubation with 100 nM CuSQO,. Incubation with 2 mM of
neocuproine added to (b) after (c) 1 min, (d) 2 min, (e) 5 min, (f) 10 min,
(9) 15 min, and (h) 20 min. (i) Fluorescence picture.

To confirm that the FRET signal observed in the unperturbed
cells comes from copper(l) binding to Amt1-FRET, the response
of Amt1-FRET to Zn?" inside the cells was also studied. Addition
of 1 uM Zn(NOj3), to the growth medium had no effect on the
FRET signal ratio measured from Amt1-FRET. In fact, an increase
of FRET signaling was only observed at 10 uM or higher
concentrations of Zn?>*. When 2 mM of a Zn?>" ligand EGTA was
added to the cells preincubated with 10 uM Zn?*, the FRET signal
ratio returned to the original level but did not decrease further
(Figure S4, Supporting Information). These observations indicate
that the initial ratio is solely due to Cu™ response and not to Zn?",
Furthermore, when 2 mM EGTA was added to the cells preincu-
bated with 100 nM CuSQy,, no change of FRET ratio was observed,
thus confirming the selective Cu* response of Amt1-FRET inside
CHO-K1 cells. A recent study showed that Zn?" concentration in
mammalian cells is tightly controlled at low nanomolar concentra-
tions™® which supports the observation that Zn** would not interfere
with Cu™ recognition by Amt1-FRET.

Our characterization of Amt1-FRET indicates that yeast copper
regulators have high affinities to Cu™ similar to those of other copper
proteins from various organisms reported to date,> ® and copper
is maintained at very low effective concentrations inside yeast. Amt1
senses elevated copper concentrations and activates the expression
of metallothionein proteins in order to increase the cellular chelation
capacity and to reduce available copper to healthy levels, thus
setting the upper limit for cellular copper availability. In this study,
a FRET-based construct (Figure 1b) was used to determine the
operating window of Amt1, found to be between 2.4 x 1071° M to
2.4 x 107 M for Cu*, which places the upper limit of effective
copper concentration in the yeast at about 10~ M (Figure 2c). If
cellular buffered copper exceeds this limit, the excess copper(l)
binds to Amtl and induces the expression of chelating proteins to
reduce copper availability.

In conclusion, we constructed a FRET reporter for copper(l),
taking advantage of the conformational change induced by copper(l)
binding to Amtl. The resulting reporter, Amtl-FRET, is highly
sensitive and selective for Cut over other metal ions. The tight
binding of copper(l) to Amtl-FRET supports the notion that
available copper inside yeast cells is extremely limited. Copper
imaging in CHO-K1 cells with the reporter suggests that the level
of available copper inside mammalian cells may also be tightly
controlled. This genetically encoded, ratiometric Cu™ reporter shows
great potential for imaging dynamic Cu* fluctuation inside mam-
malian cells in the biologically relevant Cu* concentration window.

New design strategies™ can be employed to improve the sensitivity
of this sensor in the future.
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